may help to better understand a range of clinical phenomena such as the type of cognitive impairment, the development of pharmacoresistance, the propagation pathways of seizures, or the success of epilepsy surgery.
Introduction
Epilepsy, one of the most prevalent neurological conditions [1] , can be conceptually defined as the (pathological) propensity of the brain to generate seizures, i.e., clinical and electroencephalographic manifestations of paroxysmal neuronal activity [2] . The global burden of disease and the socioeconomic costs afforded by epilepsy are substantial [1, 3] , and its consequences on cognitive, psychological, and social functioning of those who are affected are often devastating [4] [5] [6] . However, diagnosis and management of epilepsy have been refined considerably over the past two decades, and clinical structural and functional magnetic resonance imaging (MRI) made important contributions to this development [7] . Novel imaging techniques and the increasing availability of high-field MRI, together with the implementation of dedicated epilepsy protocols according to the guidelines of the International league against epilepsy, have improved the sensitivity of structural MRI, even for subtle abnormalities [8] . Overall, the largest consecutive analysis investigating 2,000 patients referred to MRI after a seizure reported abnormalities related to epilepsy in roughly 20 % of the cases [9] . In patients with refractory epilepsy, structural lesions can be depicted in up to 82-86 % of imaging studies by visual inspection [10, 11] . Alternative quantitative postprocessing methods that incorporate different features of high-resolution datasets to integrate abnormalities of corAbstract While analysis and interpretation of structural epileptogenic lesion is an essential task for the neuroradiologist in clinical practice, a substantial body of epilepsy research has shown that focal lesions influence brain areas beyond the epileptogenic lesion, across ensembles of functionally and anatomically connected brain areas. In this review article, we aim to provide an overview about altered network compositions in epilepsy, as measured with current advanced neuroimaging techniques to characterize the initiation and spread of epileptic activity in the brain with multimodal noninvasive imaging techniques. We focus on resting-state functional magnetic resonance imaging (MRI) and simultaneous electroencephalography/ fMRI, and oppose the findings in idiopathic generalized versus focal epilepsies. These data indicate that circumscribed epileptogenic lesions can have extended effects on many brain systems. Although epileptic seizures may involve various brain areas, seizure activity does not spread diffusely throughout the brain but propagates along specific anatomic pathways that characterize the underlying epilepsy syndrome. Such a functionally oriented approach 1 3 E. Abela et al. tical thickness, blurring, and tissue intensity into a single composite map further enhance the sensitivity of structural MRI relative to conventional visual interpretation [12] [13] [14] .
While lesion analysis and interpretation is the essential task for the neuroradiologist in clinical practice, a substantial body of epilepsy research has shown that focal lesions influence brain areas beyond the epileptogenic lesion, across ensembles of functionally and anatomically connected brain areas [15, 16] . This has led to the hypothesis that epilepsy represents fundamentally a disease of neural networks, and that the principal task of the epileptologist should be to indentify and therapeutically modulate the core network components that generate seizures and support epilepsy, especially in pharmacoresistant cases [17] . Also, it has been argued that understanding the alterations in network structure and dynamics could improve diagnostic classification and identify new biomarkers and potential targets for therapy [16, 18] .
In this review, we present current research on neural networks in epilepsy, gained through resting-state functional MRI (fMRI) and simultaneous electroencephalography(EEG)/ fMRI. We aim to show how these advanced imaging methods, beyond structural applications, can provide new insights into the neurobiology of epilepsy.
The Network Concept in Epilepsy
From a theoretical perspective, a network consists basically of two elements: discrete units, called "nodes," linked by a set of connections, or "edges" [19] . Nodes and edges can be defined across different spatial scales, e.g., neurons and axons on the smallest relevant scale or brain areas and white matter tracts on the largest scale, thus providing a conceptual framework to analyze any network in the micro-to the macroscopic domain [20] . If the connections are physical entities, for instance interconnecting white matter tracts as measured by diffusion tensor and diffusion spectrum imaging, it constitutes a network based on structural connectivity. However, edges do not need to be structural (physical) connections, but can also be functional associations, i.e., the linear or nonlinear interrelation between the temporal evolution of activity at different nodes. Such functional connectivity networks indicate, e.g., whether a set of homologous brain areas across both hemispheres show correlated activity measured as oscillations during rest or when engaged in a perceptual task. Finally, effective connectivity quantifies the influence of one node on the other [21] . This quantification can be either performed with direct electrical recordings in cellular neural networks, or inferred indirectly from time-series data, using complex biophysical models or algorithms derived from statistical physics [22, 23] .
These different types of connectivity can be analyzed with neuroimaging methods (mentioned later in the text). For functional networks, multivariate methods such as independent component analysis (ICA) can be applied, using algorithms that detect spatiotemporal patterns from fMRI time-series data [24] . ICA is for the most part user independent (although choices on preprocessing steps and algorithms influence results) and has been, therefore, often used for the discovery of novel functional networks, especially in situations with weak experimental control or when no a priori hypotheses on network topography and/or activity exist. Examples of this include complex naturalistic fMRI tasks such as simulated driving [25, 26] , or restingstate fMRI sessions in patients with brain damage [27] [28] [29] [30] . Moreover, ICA is also a useful technique to filter out artificial patterns of structured noise in fMRI time series [31] . Another popular approach consists in defining the nodes (or "seeds") of the network a priori, extract the time series of activity from each node, and compute a matrix of interrelations, e.g., using linear or nonlinear measures [32, 33] . Units of parcellations for these matrices can be as small as a voxel [34] , or encompass any number of (heuristically defined) macroscopical areas [35] ; thus, the spatial resolution of the network is not only limited by the imaging sequence but also by the hypothesis of the researcher and the chosen scale of observation. However, both data-driven and hypothesisdriven functional connectivity networks are similar across studies, indicating that they indeed represent a neurobiologcally meaningful construct and not merely an artifact of methodical choices [32] .
Functional networks can be characterized by a host of different mathematical measures derived from graph theory; see, e.g., [36] for a nontechnical review. Of special importance are those measures that describe integration versus segregation of function within the network, as the brain is fundamentally organized in locally specialized (segregated), but globally connected (integrated), functional modules [37, 38] . An example of an integration measure is the global efficiency [39] , a metric that quantifies the ability of a functional network to transmit information. The global efficiency is the inverse of the average path length in a network; the average path length is the mean distance between all nodes [36] . A shorter between-node distance implies that information could be transmitted in a faster, more reliable way from node to node, thus increasing the efficiency of the network. In contrast, an example of a local segregation metric is the clustering coefficient, which indicates the prevalence of connected clusters in the neighborhood of an individual node [40] . A high average clustering coefficient of a node indicates that it takes part in a densely interconnected (highly clustered) neighborhood that is segregated from the rest of the network. As a consequence, locally integrated network neighborhoods might be represented by different
3
Neuroimaging of Epilepsy: Lesions, Networks, Oscillations (BOLD) contrast. During a resting-state fMRI experiment, a subject lies in the scanner with eyes closed without falling asleep nor performing any specific task for a short time, usually 6-20 min ( [42] , p. 662). In this setting, functional networks are known to show synchronized low-frequency fluctuations (typically < 0.1 Hz). Covariance analysis of these fluctuations, either by ICA or seed-based correlations from neuroanatomically defined regions of interest, determines areas of the brain that form functionally connected cortico-subcortical networks, which can then be characterized with the network measures mentioned earlier in the text [43, 31] . In Fig. 1 , we provide an example of such a network characterization from two small groups of patients (both n = 5) with idiopathic generalized epilepsy (IGE) and mesial temporal lobe epilepsy (MTLE) with left-sided hippocampal sclerosis. In both patient groups, resting-state fMRI was acquired for 15 min with T2*-weighted EPI sequences using the BOLD contrast at 3 T. BOLD time series were preprocessed as previously described, including motion correction, band-pass filtering, and elimination of physiological confounds [31] using the freely available software SPM8 neuroanatomical subsytems in the brain, e.g., motor, visual, or attentional networks. If a network is locally highly clustered, but distant nodes can still be reached via a small set of long-range connections, it is called a "small-world" network, in analogy to the sociological phenomenon that individuals in a population form close peer groups (clusters) but are still interconnected via a small set of distant acquaintances (connections) [40] . In such a small-world network, local integration is high, while the overall integrity of the network is also maintained, a configuration that seems to be optimal for biological networks like the brain [41] .
Resting-State fMRI and Combined EEG/fMRI
One of the simplest ways to record functional connectivity networks, which is comparably easy to implement in clinical routine and imposes minimal requirements on neurological patients and MR personnel, is the acquisition of so-called resting-state fMRI runs of echo-planar imaging (EPI) sequences using the blood-oxygen level-dependent tive workup of pediatric and adult patients suffering from pharmacoresistant epilepsies [53, 54] . Here, the focus is on localization of the seizure-onset zone, and combined EEGfMRI has proven especially valuable when no epileptogenic lesion can be identified by structural MRI using dedicated epilepsy protocols [55] , or if multifocal generators are suspected [56] .
Networks Aspects of Idiopathic Generalized Epilepsies
IGEs comprise a group of heterogeneous syndromes in which a strong genetic component is suspected or already identified. These syndromes have been recently reclassified as "genetic epilepsies," to avoid the ambiguous term "idiopathic" [2] . We maintain the term IGE for consistency with the fMRI literature to date. IGEs are common and account for ~ 40 % of epilepsy diagnoses. Their hallmarks are generalized spike-wave (GSW) discharges in the EEG, i.e., synchronous, mostly symmetric, bilateral paroxysmal, short (< 200 ms), high-amplitude potentials followed by a slow wave. They can occur in isolation, but classically appear in runs with frequencies of approximately 3-4 Hz [57] . Longer series of GSW discharges impair consciousness for brief periods, leading to the clinical picture of absence seizures. The latter are further characterized by sudden behavioral arrest, unresponsiveness, staring, and sometimes mild oral automatisms and/or bilateral eye blinks, and are a hallmark of AE [58, 59] .
GSW in IGE are likely generated within thalamo-cortical networks, although the relative contribution of cortical and thalamic sources remains a matter of debate [60] [61] [62] . Simultaneous EEG and fMRI were first performed with the goal to map the thalamo-cortical networks associated with GSW, but the findings of these studies have shown that the network changes are far more extended than previously thought. One of the earliest simultaneous EEG-fMRI studies by Archer et al. [63] investigated cortical and subcortical patterns of BOLD signal changes in five patients (four of them suffering from childhood AE) with frequent GSW discharges during rest. Their main finding was a large area of GSW-related BOLD deactivation in the posterior cingulate (retrosplenial cortex) that was highly consistent across patients, and more variable regions of BOLD activation in the angular gyrus and around the precentral sulcus bilaterally [63] . Thalamic BOLD activations were only seen in two of five patients and were not significant at the group level, either because of intrinsic variability of the BOLD response in subcortical structures or because of low signal-to-noise ratio at low field strengths. Subsequent studies in adults and children with IGE have reliably indentified thalamic BOLD signal increases, and have also confirmed the high degree of interindividual variability in cortical and subcorti-(http://www.fil.ion.ucl.ac.uk/spm/software/spm8/). A set of 90 cortical regions defined in a publicly available atlas were used as network nodes [44] , and node-to-node correlations were used to define the connections in the network. We used the functional connectivity toolbox for SPM8 (http://www. nitrc.org/projects/conn/) to calculate the global efficiency and clustering coefficient of this network in both epilepsy syndromes. Both network measures indicate striking differences between syndromes: the IGE network shows a markedly reduced efficiency and increased fragmentation across both hemispheres, whereas in MTLE, only the diseased hemisphere seems to be affected. Here, however, network changes occur not only in the temporal lobe region, but also extend to fronto-parietal areas as well.
In contrast to resting-state fMRI, simultaneous EEGfMRI makes use of the complementary strengths of a neurophysiological and neuroimaging technique, i.e., the high temporal resolution of EEG and the high spatial resolution of BOLD fMRI [45, 46] . EEG-fMRI is technically a much more demanding technique than resting-state fMRI, but has the great advantage of directly relating fMRI responses to epileptic phenomena [47] [48] [49] . Interictal discharges, which reflect the irritative zone on the EEG, are identified as intrinsic predictors to estimate the simultaneous hemodynamic responses linked to interictal epileptic discharges (IEDs). This identification is either performed by a spikebased evaluation of EEG-fMRI or by an ICA analysis of the simultaneous EEG, as recently suggested by our institution [45, 50] . The prime justification for application of temporal ICA-based techniques for EEG decomposition holds for artifact removal, which can be regarded statistically independent from neuronal activity [51] . In practice, this technique can also be applied to isolate a single or a small number of components ("factors") containing epileptiform activity that coincides with IEDs, while the remainder does not. ICA separation on EEG recorded during MR scanning turned out insufficient but could be improved considerably after inclusion of EEG recorded outside the scanner [50] . In this way, not only single events but also the continuous dynamics of epileptiform activity can be recovered [52] , and used to map the associated functional networks.
The clinical applications of combined EEG-fMRI in human epilepsy can be summarized in two categories. One concerns the investigation of BOLD correlates of epileptiform EEG signals in clinically well-defined epilepsy syndromes such as absence epilepsy (AE) or MTLE with hippocampal sclerosis. The aim of this line of investigation is not only to achieve a more complete syndrome description, but also to unravel pathophysiological mechanisms that could lead to a deeper understanding of epileptogenesis and perhaps even to a more refined, evidence-based classification of the epilepsies [2] . The second application is the localization of the epileptogenic zone during the preopera-
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Neuroimaging of Epilepsy: Lesions, Networks, Oscillations steps from 6 s before (− 6) to 6 s after (+ 6) the epileptiform activity (for a detailed description of this method, see, e.g., [72] ). Early activations of cortico-subcortical networks (hot colors) and extended late deactivations of the DMN can be seen in both patients, which might account for the attentional deficits often seen in this patient group during IED.
Beyond thalamus and DMN, there is also recent evidence showing that GSWs affect a wider range of functional networks. Masterton et al. [77] have shown that also the bilateral cortical sensorimotor network (SMN) and the anterior insular network show activity changes associated with GSW. Finally, a very recent study by Zang et al. using resting-state fMRI has found that not only the aforementioned networks but also regions of cognitive and affective networks show altered patterns of functional connectivity compared with healthy controls, especially in those patients with ongoing GSW.
Network Aspects of Temporal Lobe Epilepsies
In healthy individuals, more than 20 independent networks have been identified that correspond to intrinsic and extrinsic systems, and are associated with internal-and externaloriented processing, respectively [78] . Their interaction, either between modular sensory regions to parallel-organized heteromodal processing systems or the integration between high-cognitive functional networks, is still not fully explored. There is now evidence that temporo-parietal cortices subserve as pace areas to maintain control, the default mode, and ventral attention networks [79] . The dorsal precuneus is connected to "task-positive" areas within the cognitive control network, while the ventral precuneus has stronger connections to the medial temporal lobe structures, including the hippocampus. The latter may have implications on seizure propagation in focal epilepsies, especially in the temporal lobe.
cal BOLD patterns [64] [65] [66] [67] . The set of symmetrical regions that has been found to be commonly deactivated during GSW in IGE, i.e., precuneus, inferior parietal cortex, and ventral medial prefrontal cortex, are core nodes in the now widely known default-mode network (DMN). The DMN comprises a network that is highly active and functionally strongly interconnected during conscious rest [68, 42] , and probably supports attentional and self-referential processes such as autobiographical memory or envisioning the future [69, 70] . Although the role of this GSW-related BOLD signal changes within the DMN is still poorly understood, it is notable that deviations of DMN activity are commonly seen in neurological disorders, e.g., Alzheimer's disease or traumatic brain injury [69, 71] .
Interestingly, recent EEG-fMRI studies have shown that activity fluctuations in the DMN and thalamus can precede EEG and behavioral changes for several seconds. The DMN, together with prefrontal regions, shows BOLD increases between 6 and 14 s before GSW, followed by a strong decrease during GSW that persists 7-20 s afterward [72, 73] . The BOLD signal in the thalamus follows a different time course, with a strong increase at GSW onset (not before) that only lasts for 3 s. Of note, interindividual variability in pre-and peri-GSW network fluctuations is high, with some cases showing either very early or very late decreases in the DMN, either short or prolonged increases in the thalamus, and different degree of overlap between activated and deactivated areas [73] . A recent study using effective connectivity modeling has found that the precuneus might have a gating or facilitatory influence on the thalamus and thus potentially on GSW generation [74] . In Fig. 2 , we provide two examples of the dynamics of IED-related BOLD oscillatory activity in patients with IGE. Both were acquired with a dedicated EEG-fMRI setup at our institution as previously described [75, 76] . The BOLD response was analyzed by first defining the onset of IED in the EEG and then shifting the hemodynamic response function in 1-s focal epilepsies. Preliminary observations of our own group revealed gray matter loss in the insula, closely related to the piriform cortex in a group of patients with neocortical structural lesions (unpublished data). Our group has furthermore examined the spatial relationship between widespread cortical atrophy and functionally connected networks linked to IED, using simultaneous EEG-fMRI in a cohort of patients suffering from MTLE [89] . We detected hemodynamic correlates to interictal epileptiform discharges beyond the seizure-onset zone in the ipsilateral insula, the temporal pole, and temporo-lateral neocortex; in the cerebellum; along the central sulcus; and bilaterally in the cingulate gyrus. We then used voxel-based morphometry, an objective measure of gray matter structure, to identify the structural network changes associated with IED [89, 90] . Widespread reductions in gray matter volume were detected in the middle and inferior temporal gyrus, the uncus to the hippocampus, the insula, the posterior cingulate, and the anterior lobe of the cerebellum. Our findings indicate a close relationship between gray matter loss and large-scale epileptic activity in MTLE. These networks encompass also the propagation pathways during seizures, as confirmed in a cohort of different patients with MTLE [91] . These results are illustrated in Fig. 3 and contrasted against results of an identical analysis While graph-theoretical analyses of structural and functional networks reveal a small-world organization of the cerebral cortex in healthy individuals [80] , global network organization of patients reveals increased path length in temporal lobe epilepsy (TLE) [81] . Several authors demonstrated altered connectivity in patients with MTLE. As a key finding, they reported increased connections within the mesial temporal lobe (higher clustering) and decreased connectivity (longer path length) along extratemporal areas, including contralateral temporal regions [82] [83] [84] . Others suggested altered bitemporal connectivity patterns in patients with MTLE [85] . These findings suggest a deleterious impact of the epileptic lesion and the epileptogenic zone on the whole brain, potentially impacting multiple cerebral networks [86] . In contrast to TLE, only a few studies addressed functional networks associated with epilepsy syndromes with the seizure-onset zone outside the temporal lobe. One recent study compared patients with TLE versus those with frontal (FLE) and occipital lobe epilepsies [87] . The authors found that all syndromes share the deactivation of the DMN during interictal spikes, and that both FLE and TLE share an activation in the anterior insula/piriform cortex. This region has been also indentified by Laufs et al. [88] as a common node of the functional network associated with Fig. 3 Functional and structural networks in focal epilepsies. This image illustrates the concordance between functional interictal epileptic discharge (IED)-related networks derived from simultaneous electroencephalography and functional magnetic resonance imaging (EEG-fMRI) and structural networks from voxel-based morphometry (VBM) in patients with mesial temporal lobe epilepsy (MTLE; n = 10) versus lateral temporal lobe epilepsy (LTLE; n = 10). All affected hemispheres are on the left side. Color maps indicate t-values of significant correlation with IED (EEG-fMRI) or significant gray matter volume reduction (VBM). Threshold for significance was set to t > 3.1. Despite being classified as a focal disease, widespread gray matter volume reductions can be seen in MTLE (upper panel), which overlap with the blood-oxygen level-dependent correlates to IED. This is not the case in LTLE, probably due to the heterogeneity of this syndrome. Images are in neurological convention Neuroimaging of Epilepsy: Lesions, Networks, Oscillations of analysis can be used in day-to-day clinical work. While the acquisition of resting-state fMRI data is very simple and robust, any functional connectivity measures derived from such datasets are very susceptible to motion-induced artefacts. Recent studies have shown that systematic functional correlations can be induced through subject motion, leading to spurious network characteristics [98] . Appropriate measures to reduce the impact of motion artifacts and dedicated quality control is therefore of paramount importance, but there is not yet a consensus on which methods to use [99, 100] . Also, physiological noise, i.e., respiration and pulse-related artifacts, must be accounted for, either by direct measurement [101, 102] or by using signals from the cerebrospinal fluid and white matter [103] . Finally, when "cleaning" and filtering resting-state fMRI data from the confounds mentioned earlier in the text, the order of processing steps must be taken into careful consideration, as noise might be reintroduced, rather than eliminated [104] .
Another critical issue for clinical applications is the reliability of functional network measures and adequate benchmarks against which results of individual patient can be compared. Large-scale validation studies in healthy controls have already been undertaken, and public control fMRI databases have been set up (e.g., the "1000 Functional Connectomes Project," http://www.nitrc.org/projects/ fcon_1000/); thus, normative data are, in principle, already available. Also, there is already broad experience in the use of functional networks with other neurological diseases, in particular Alzheimer's disease, which indicates in general a good agreement between data acquired at multiple sites. However, scanner-to-scanner variability can be substantial, and there are no acquisition standards. Finally, all studies mentioned earlier in the text have used rather small sample sizes (typically < 30 patients with epilepsy), which limits their generalizability. Coordinated multisite efforts are probably needed to resolve these issues.
Conclusions
We have shown, based on current evidence and on a number of illustrative examples from our current work, that neuroimaging has rapidly become a pivotal tool in the assessment of macroscopical network structure, function, and dynamics in epilepsy. Simultaneous EEG-fMRI is unique in this respect, as it can extract information on network topography and dynamics by using information from both modalities. Furthermore, recent EEG-fMRI studies have provided increasing evidence that both focal and generalized interictal epileptiform discharges are correlated with functional activation and deactivation in specific large-scale networks that span a number of cortical and subcortical nodes [16] . These data indicate that circumscribed epileptogenic lesions in patients suffering from lateral TLE (LTLE). There are far less commonalities between functional and strucutral networks in LTLE, possibly owing to the heterogeneity of the LTLE syndrome, and also to differences in disease duration, antiseizure medication, and IED frequency, which have not been taken into account in this analysis.
Several studies that investigated alterations of gray matter volume and concentrations using MRI-based automated analysis techniques such as voxel-based morphometry and cortical thickness analysis on a whole-brain level have shown that structural changes in MTLE patients are not restricted to the hippocampus or the elements of the mesial temporal lobe [92] , but show widespread abnormalities that extend into the temporal pole, temporolimbic and frontocentral regions [93, 94] , and the cerebellum and the thalamus [95] and longitudinal increases in volume loss [96] . Previous ictal connectivity studies in MTLE exhibited patterns of bilateral increases of cerebral blood flow (CBF) in the temporal lobes (predominantly the middle and superior temporal gyrus, including the temporal pole, the posterior temporal lobe, and the cerebellum) and decrease CBF in the inferior temporal gyrus, the inferior parietal lobe, and the posterior cingulate [91] . Of note, there is a tight spatial overlap between hemodynamic and atrophy effects along mesolimbic areas, but not in regions beyond the limbic network [15] . Clues from morphometric analyses and combined EEG-fMRI recordings implicate that the widespread structural damage linked to abnormal hemodynamic responses is suggestive of TLE being a system rather than a focal disorder leading to a disruption of structural networks. Of note, a recent study by Voets et al. [97] investigated the three-way relationship between functional network disruption, white matter disconnection, and gray matter atrophy in patients with TLE. They found that, compared with controls, patients showed altered (typically reduced) functional connectivity between the hippocampus, anterior temporal and precentral cortices, and the default mode and SMNs. Reduced network integration of the hippocampus was explained by variations in gray matter density, while functional connectivity of the parahippocampus, and frontal and temporal neocortices, showed atypical associations with white matter coherence within pathways carrying connections of these regions. These studies again underscore the strength of the network concept to bridge not only spatial scales but also imaging modalities.
Translation to Clinical Applications: Methodical Challenges
Network analysis of functional neuroimaging data in epilepsy is a fast growing research area, but there are still many methodological issues that must be solved before this type can have extended effects on many brain systems. This might help to explain a range of clinical phenomena such as the type of cognitive impairment, the development of pharmacoresistance, the propagation pathways of seizures, or the effect of resective operations [7, 105] . Thus, better understanding of altered network characteristics in epilepsy may pave a novel way for the development of biomarkers for many aspects of epilepsy and its pathophysiology [18] . Further work is needed to integrate network aspects into clinical algorithms from which patients can benefit directly.
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